M
essenger RNA turnover is a critical determinant of eukaryotic gene expression. The stability of different mRNAs within the same cell can vary by orders of magnitude and thus contribute greatly to differential expression levels. Moreover, the stability of individual mRNAs can be regulated in response to a variety of stimuli, allowing for rapid alterations in gene expression. But how does eukaryotic mRNA turnover work, and how is it controlled? In this issue of PNAS, Wang et al. (1) provide a piece to the puzzle as to how eukaryotic mRNAs are degraded.
Early experiments in several eukaryotic systems revealed that the 5Ј m7G cap and the 3Ј poly(A) tail are critical protective features of mRNAs. Work in the yeast Saccharomyces cerevisiae has uncovered two general mRNA decay pathways that act on these protective ends ( Fig. 1 ; reviewed in ref. 2) . These pathways are general in that they appear to degrade most, if not all, normal mRNAs. The first step in both of these pathways is shortening of the poly(A) tail (3) (4) (5) , which can be catalyzed by one of two different enzymes.
The major deadenylase appears to be a large Ϸ1-mDa complex consisting of one known catalytic subunit, Ccr4p (6) (7) (8) , a member of the ExoIII͞AP endonuclease family (9) , and several other proteins, most notably, Pop2, Not1, Not2, Not3, Not4, and Not5 (10) . Alternatively, a complex of Pan2p͞Pan3p can also function as a cytoplasmic deadenylase (6, 11, 12) .
Deadenylation of the 3Ј tail to a length that is too short to bind the major poly(A)-binding protein, Pabp1, can lead to two consequences in yeast. First, it can leave the 3Ј end susceptible to a complex of multiple 3Ј-5Ј exonucleases called the exosome (5, 13) . Alternatively, loss of Pabp1 is thought to bring about a transition in the structure of the proteins associated with the mRNA, the mRNP, that disposes the 5Ј end of the mRNA to decapping (14, 15) . Decapping requires two proteins, Dcp1p and Dcp2p, that physically associate with each other (16, 17) . Removal of the 5Ј protective cap leaves the mRNA subject to 5Ј-3Ј exonucleolytic degradation by the exoribonuclease, XRN1 (4, 13, 18) . In yeast, the deadenylation-dependent decapping pathway degrades mRNAs more rapidly than the exosome-mediated decay pathway. The deadenylation-dependent decapping pathway and the exosomemediated pathway apparently are the only general decay mechanisms in yeast. This conclusion is based on the observation that mRNAs are extremely stable when both pathways are inactivated (5) . In fact, when both decay pathways are inactivated, the yeast cells die, which underscores the critical importance of the proper control of mRNA turnover for cell metabolism and division.
An unresolved issue is whether these mRNA decay enzymes and pathways are common in eukaryotes or are unique to yeast. Several lines of evidence suggest that at least some aspects of these pathways are conserved in eukaryotes. First, deadenylation precedes the decay of several mammalian mRNAs in vivo, and particular elements that stimulate the decay of mammalian mRNAs promote rapid deadenylation (e.g., refs. 19 and 20) . Second, both the Ccr4p͞ Pop2p͞Not protein complex (21) (22) (23) and the Pan2p͞ Pan3p deadenylase (24) are conserved in eukaryotic genomes. Moreover, human Ccr4p, like yeast Ccr4p, contains the exonuclease domain in its C terminus and can function as a deadenylase in vitro (7) . An additional poly(A) ribonuclease, PARN, is present in vertebrates (25, 26) . It is interesting to note that the three deadenylases have distinct substrate specificities. The Ccr4͞ Pop2͞Not complex and PARN are inhibited by Pab1p in vitro (8, 26) , whereas the Pan2p͞Pan3p complex requires Pab1p for activity (11) (12) . In addition, PARN is stimulated by the presence of a 5Ј cap structure (27) , whereas CCR4 is not affected (8) . These differences in specificity suggest that, in vivo, mRNAs with different mRNP structures may be preferentially deadenylated by alternative deadenylases, allowing for differential control of the poly(A) shortening process.
Decay of mRNAs in a 3Ј to 5Ј direction after deadenylation also appears to be conserved. The individual components of the exosome and their ability to form a complex are conserved in eukaryotes (reviewed in ref. 28) . Recent work in mammalian in vitro decay systems demonstrates that the exosome degrades RNAs after deadenylation (29 -31) . Interestingly, degradation by the exosome in vitro is stimulated by AU-rich elements (AREs) (29, 31) . AREs are destabilizing elements found in many unstable mammalian mRNAs, especially those involved in growth control. Thus, the exosome may play a role in regulated mRNA turnover in mammals. Decay in a 3Ј to 5Ј direction may also be conserved in plants based on the structure of in vivo decay intermediates of a particular mRNA in oat (32) .
The evidence has been less clear whether the decapping pathway is functionally conserved. mRNA decay intermediates that are trimmed from the 5Ј end or lack the 5Ј cap have been detected in mammals, chlamydomonas, and oat (32) (33) (34) , although the mechanism of production of these intermediates has not been resolved. Apparent homologs to XRN1 (35-37), DCP1 (38) , and DCP2 (17) have been identified in several eukaryotic genomes, and the Arabidopsis and Drosophila XRN1 homologs can functionally complement the absence of the yeast protein, arguing that they naturally play a role in mRNA turnover (36, 37) . However, so far there has been no demonstration that proteins with similarity to DCP1 or DCP2 function in decapping. The identification of a functional human homolog to DCP2 by Wang et al. (1) provides evidence that the deadenylationSee companion article on page 12663.
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(1) identified the human DCP2 gene through its Nudix motif. Yeast Dcp2p contains a nucleotide diphosphate linked to an X moiety (Nudix) domain, or MutT motif, which is found in a particular class of pyrophosphatases (17) . The human and yeast proteins are most similar at their N termini, which contain the Nudix motif in a larger Nudix fold domain as well as additional domains that are shared by other apparent homologs of DCP2 (1). Most significant is the demonstration by Wang et al. that recombinant human DCP2 protein has intrinsic decapping activity in vitro (1) . This decapping activity depends on residues within the human DCP2 Nudix domain similar to this domain being required for Dcp2p activity in yeast. As described below, the biochemical role of Dcp2p in decapping in yeast has been unresolved for several years. Thus, the finding that DCP2 is indeed a decapping enzyme and therefore likely to have a direct role in decapping of mRNAs is an important advance. Human DCP2 activity shares many similarities to yeast decapping activity (1). For example, recombinant hDCP2 releases m7GDP from RNA substrates and is specific for N7 methylated cap structures but requires more than just the m7GTP moiety for efficient substrate recognition. Wang et al. find that hDCP2 is enriched in polysome fractions (1). Interestingly, DCP2-like decapping activity in polysome extracts is inhibited by the presence of a poly(A) tail. This finding suggests that, like yeast, decapping by hDCP2 may depend on deadenylation.
Parallel work by Jens Lykke-Andersen at the University of Colorado, Boulder, suggests that DCP1 is also conserved in mammals. By sequence comparison, he has identified two human homologs to human DCP1 as well as human DCP2 (39) . At least one of the DCP1 proteins appears to be functionally related to the yeast DCP1 protein in that it coimmunoprecipitates with decapping activity, and conserved residues in the protein required for Dcp1p function in yeast are also required for decapping activity of the protein. This DCP1 homolog also coimmunoprecipitates with human DCP2, indicating that the interaction between DCP1 and DCP2 is also conserved in mammals. In summation, these results demonstrate that a Dcp1p͞Dcp2p complex forms in both yeast and mammals and is capable of decapping mRNAs.
In both yeast and mammals, this Dcp1p͞Dcp2p complex also shows an interaction with Upf proteins either by two-hybrid interactions (40) or by coimmunoprecipitation (ref. 39 ; F. Lejeune, M. Kiledjian, and L. E. Maquat, personal communication). Upf proteins function in the process of nonsense-mediated decay, wherein mRNAs with aberrant translation termination codons are recognized and rapidly degraded. In yeast, aberrant mRNAs recognized by this form of mRNA surveillance are degraded quickly, because they are rapidly decapped by Dcp1p͞Dcp2p without requiring the normal slow deadenylation step (41) . The conservation of the Dcp1p͞Dcp2p-Upf interaction suggests that nonsensecontaining mRNAs might also be rapidly decapped in mammalian cells. Although the idea that this interaction could promote rapid decapping is mechanistically appealing, it should be noted that there is no evidence that the interaction between Dcp1͞Dcp2p and Upf proteins is functionally significant in any system.
It is surprising that mammalian DCP2 has decapping activity, given that in yeast Dcp1p is thought to be a decapping enzyme. Several pieces of evidence argue that Dcp1p has catalytic activity: (i) it is required for decapping in vivo and for decapping activity in yeast extracts (16); (ii) highly purified Dcp1p from yeast copurifies with decapping activity (42); (iii) decapping activity colocalizes with Dcp1p renatured in gels (42) ; and (iv) separation of Dcp1p and Dcp2p by high salt yielded preparations of Dcp1p with activity and no detectable Dcp2p (43) . In addition, recombinant Dcp1p is reported to have decapping activity (44) ; however, it should be noted that efforts in our laboratory to obtain active recombinant Dcp1p have been unsuccessful. In contrast to Dcp1p, no biochemical activity has yet been ascribed to yeast Dcp2p. However, recent results suggest that recombinant yeast Dcp2p can have decapping activity (M. Steiger, A. Carr-Schmid, M. Kiledjian, and R.P., unpublished work). Given this result, either the experiments with yeast Dcp1p were somehow misleading, or the Dcp1p͞Dcp2p complex contains two different decapping proteins. If there are two different decapping enzymes, why are both Dcp1p and Dcp2p required for decapping in vivo, when each may be sufficient for decapping in vitro? One idea is that their association may be necessary structurally to form active proteins in yeast. Consistent with this idea, under conditions where expression of either protein alone in Escherichia coli is insufficient for decapping activity, coexpression of Dcp1p and Dcp2p together allows for robust decapping (M. Steiger, A. Carr-Schmid, M. Kiledjian, and R.P., unpublished work).
The possibility that the decapping complex may contain two catalytic subunits is very intriguing, because other enzymes involved in eukaryotic mRNA decay exist in complexes of multiple proteins with similar enzymatic activities. The most dramatic example of this phenomenon is the exosome, which contains 10 different potential 3Ј-5Ј exonucleases (45) . In addition, in the Ccr4p͞Pop2p͞ Not complex, both Cc4p and Pop2p contain exonuclease motifs (9, 46) , and it appears they both can function as a mRNA deadenylase in vitro (7, 8, 47) . Why are eukaryotic mRNA decay enzymes clustered in these complexes? One idea is that the association of nucleases with similar activity allows for the control of substrate specificity. That is, these complexes may allow the cell to limit Fig. 1 . Eukaryotic mRNA decay mechanisms and enzymes. Two general mRNA decay pathways. Both pathways are initiated by deadenylation by the Ccr4͞Pop2͞Not complex or possibly by the alternative deadenylases, Pan2͞Pan3 and PARN. Poly(A) tail shortening can lead to either 3Ј-5Ј exonucleolytic digestion by the exosome or decapping by the Dcp1͞Dcp2 complex. Decapping is followed by 5Ј-3Ј exonuclease digestion by Xrn1. The residual cap structure resulting from exosome digestion is cleaved by the scavenger decapping enzyme DcpS.
multiple nucleases simultaneously from acting on inappropriate substrates as well as coordinate their activity with correct substrates. Future work aimed at understanding how mRNA turnover is controlled may shed light on this puzzling phenomenon.
The new findings of Wang et al. (1) and the recent demonstration that the exosome degrades RNAs after deadenylation in mammalian extracts (29 -31) are exciting, because they suggest that the enzymes and mechanisms of mRNA turnover are conserved throughout the eukaryotic kingdom. The limitation, of course, is that functional studies in mammalian systems need to be conducted to verify whether these enzymes do indeed act to degrade mRNAs in vivo. If these two pathways turn out to be common general decay mechanisms in eukaryotes, the relative importance of the two pathways, i.e., which pathway is responsible for degrading the majority of mRNAs, may very well differ between eukaryotic species. Moreover, with the increased need for regulation, we should expect that complex organisms will have additional decay mechanisms that are specific to particular classes of mRNAs or to specific cellular responses (e.g., ref. 48) . In any case, with the knowledge of the enzymes and pathways involved in decay, the pieces now appear to be in place for us to begin to understand how mRNA turnover is regulated by using a combination of biochemical and genetic approaches in multiple eukaryotic systems.
